We perform a detailed confrontation of various oscillating dark-energy parametrizations with the latest sets of observational data. In particular, we use data from Joint Light Curve analysis (JLA) sample from Supernoave Type Ia, Baryon Acoustic Oscillations (BAO) distance measurements, Cosmic Microwave Background (CMB) observations, redshift space distortion, weak gravitational lensing, Hubble parameter measurements from cosmic chronometers, and we impose constraints on four oscillating models. From the analyses we find that the best-fit characters of almost all models are bent towards the phantom region, nevertheless in all of them the quintessential regime is also allowed within 1σ confidence-level. Furthermore, the deviations from ΛCDM cosmology are not significant, however for two of the models they could be visible at large scales, through the impact on the temperature anisotropy of the CMB spectra and on the matter power spectra. Finally, we peform the Bayesian analysis, which shows that the current observational data support the ΛCDM paradigm over this set of oscillating dark-energy parametrizations.
Introduction
The universe acceleration at late times is one of the most interesting findings of modern cosmology, and thus there are two main directions that one could follow to explain it. The first way is to keep general relativity as the gravitational theory and introduce new components, that go beyond the Standard Model of Particle Physics, collectively known as the dark energy sector [1, 2] . The second way is to construct a modified gravitational theory, whose additional degrees of freedom can drive the universe acceleration [3] [4] [5] .
At the phenomenological level both the above approaches lead to a specific universe accelerated expansion, that can be quantified by the evolution of the (effective in the case of modified gravity) dark energy equation-of-state parameter. Hence, parametrizations of the dark energy fluid can lead to reconstructions of the universe late-time expansion. The basic idea relies on the fact that the dark energy equation-of-state parameter w x = p x /ρ x , with ρ x and p x the dark energy energy density and pressure respectively, can be parametrized using different functional forms in terms of the cosmological redshift.
In principle, there is not a theoretical guiding rule to select the best w x (z), however using observational data it is possible to find viable parametrizations. In the literature one can find many parametric dark energy models, that have been introduced and fitted with observational data: (i) one-parameter family of dark energy models [6] (ii) two-parameters family of dark energy parametrizations, namely, Chevallier-PolarskiLinder parametrization [7, 8] , Linear parametrization [9] [10] [11] , Logarithmic parametrization [12] , Jassal-Bagla-Padmanabhan parametrization [13] , Barboza-Alcaniz parametrization [14] , etc (see [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] ), (iii) three-parameters family of dark energy parametrizations [26] , and (iv) four-parameters family of dark energy parametrizations [26] [27] [28] .
One of the interesting parametrizations is the class of models in which w x (z) exhibits oscillating behaviour [25, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The oscillating dark energy models are appealing and prove to lead to desirable cosmological behaviour. In particular, they can alleviate the coincidence problem, since they may lead to both accelerating and decelertaing phases in a periodic manner [30] , and thus to dark matter and dark energy density parameters of the same order. Furthermore, one can construct oscillating dark energy models that can unify the current acceleration with the early-time inflationary phase [31] .
The main question that arises naturally is whether oscillating dark-energy models are in agreement with the latest observational data. Although an early, basic fitting was performed in [40] , such an investigation has not been fulfilled in detail. In the present work we are interested in performing a complete observational confrontation, in order to examine whether oscillating dark energy models are in agreement with the latest data, namely: Joint Light Curve analysis sample from Supernoave Type Ia, Baryon Acoustic Oscillations (BAO) distance measurements, Cosmic Microwave Background (CMB) observations, redshift space distortion, weak gravitational lensing, Hubble parameter measurements from cosmic chronometers, and finally the local Hubble constant value.
The manuscript is organized in the following way. In Section 2 we present the cosmological equations for a dark energy model, both at background and perturbative levels. In Section 3 we introduce the oscillating dark energy models, through suitable parametrizations of the dark-energy equation-of-state parameter. In Section 4 we present the various observational data sets that we will use in our analysis, and in Section 5 we perform a detailed observational confrontation for various oscillating models. In Section 6 we compare the results for all models, both amongst each other as well as relating to wCDM and ΛCDM cosmology. Finally, Section 7 is devoted to the Conclusions.
Cosmological equations: Background and perturbations
In this section we provide the basic equations, both at the background and at the perturbation level, of a general cosmological scenario. Throughout the work we consider the homogeneous and isotropic Friedmann-Lemaître-Robertson-Walker (FLRW) metric of the form
where a(t) is the scale factor and k = −1, +1, 0 corresponds respectively to open, closed and flat geometry. For simplicity, in the following we focus on the flat geometry, as it is favored by observations, although the analysis can be straightforwardly extended to the non-flat case too. The Friedmann equations are extracted as
2)
where H =ȧ/a is the Hubble function and dots denote derivatives with respect to the cosmic time, t. In the above equations ρ tot and p tot are respectively the total energy density and pressure of the universe content, considered to be effectively described by perfect fluids.
In particular, we consider that the universe consists of radiation, baryonic matter, dark matter and (effective) dark energy, and therefore the total energy density and the total pressure of the universe read as ρ tot = ρ r + ρ b + ρ c + ρ x and p tot = p r + p b + p c + p x , where ρ r , p r correspond to radiation, ρ b , p b to baryonic sector, ρ c , p c to dark matter, and ρ x , p x to the dark energy sector. If we additionally assume that these sectors do not mutually interact, then each one is separately conserved, namely it satisfieṡ
where w i ≡ p i /ρ i is the i-th component's equation-of-state parameter. Since radiation has w r = 1/3, we obtain ρ r ∝ (a/a 0 ) −4 . Similarly, since as usual the baryonic and dark matter sectors are considered to be pressureless, we obtain ρ b ∝ (a/a 0 ) −3 and ρ c ∝ (a/a 0 ) −3 , with a 0 the current value of the scale factor. Finally, since the dark energy fluid has a general equation-of-state parameter w x ≡ p x /ρ x , its evolution equation leads to
Hence, we can see that the evolution of the dark energy fluid is obviously highly dependent on the form of w x (a). Let us now investigate the perturbations of the above general cosmological scenario. The perturbation equations of a general dark energy scenario have been explored in detail in the literature [1] . We choose the synchronous gauge, and thus the perturbed FLRW metric takes the form 6) where τ is the conformal time, and where δ ij , h ij are respectively the unperturbed and the perturbated metric tensors. Now, for the perturbed FLRW metric (2.6), using the conservation equation for the energy-momentum tensor of the i-th fluid, namely T µν ;ν = 0, one can conveniently write down the Einstein's equations in the two gauges, namely, the conformal Newtonian gauge or in the synchronous gauges of the Fourier space κ. We choose the latter gauge, and in that gauge, one can obtain the continuity and the Euler equations as [41] [42] [43] :
7) 8) where the prime denotes differentiation with respect to the conformal time τ . In these equations δ i = δρ i /ρ i is the density perturbation, H = a /a, is the conformal Hubble factor, h = h j j is the trace of the metric perturbations h ij , and θ i ≡ iκ j v j is the divergence of the i-th fluid velocity. Additionally, σ i is the anisotropic stress of the i-th fluid, which will be neglected in our analysis. Finally, c 2 a,i =ṗ i /ρ i is the adiabatic speed of sound of the i-th fluid. As it is known, for an imperfect fluid the quantity c 2 s = δp i /δρ i is the sound speed for the i-th fluid. Thus, the adiabatic sound speed is related to the sound speed through
We mention here that many dark energy models can be described through imperfect fluids, which have c 2 s = 1 while c a could be different [44] [45] [46] . Hence, although there exist models with c 2 s > 1 (e.g in k-essence models), in our analysis we fix this qunatity to be unity.
Oscillating Dark-Energy models
In this section we consider dark energy parametrizations that exhibit oscillating behaviour with the evolution of the universe. Our primary intention is to investigate these models with current cosmological data.
For convenience we will use as independent variable the redshift, defined as z = a 0 a − 1, with the current scale factor a 0 set to 1 for simplicity. We will study the following four models:
• Model I: The first model in this class is
where w 0 is the current value of w x (z) and b is the model parameter. The free parameter b quantifies the dynamical character of the model. For b = 0 we acquire w x (z) = w 0 , while any nonzero value of b corresponds to a deviation of the model from the constant dark-energy equation-of-state parameter. Let us note that the generalized version of (3.1) can be found in [31] , which however allows a large number of parameters in terms of the frequency or period of the oscillations. The inclusion of several free parameters − such as the frequency or period of the oscillations − may add different aspects and richer behavior to the oscillating dark energy models, however, from the statistical point of view, the presence of a large number of free parameters in a dark energy model increases the degeneracy amongst them. The twoparameters models, on the other hand, are able to retain the oscillating features of the parametric dark energy models, whose study is the field of interest of the present work, and qualitatively they look similar to the four-parameters models [31] . Thus, although the four-parameters oscillating dark energy models are the general ones, here we restrict to models with only two free parameters in order to examine if an oscillating behavior is allowed in the dark-energy equation of state, and quantitatively confront it with the observational data. This may serve as a good starting point towards the analysis of the most general oscillating dark energy models.
• Model II: In similar lines we introduce another oscillating function as
with w 0 and b the model parameters as described for Model I. A general version of the above model can be found in [33, 34] in which the authors have considered the period of oscillations along with other free parameters, thus leading to an extended parameter space. Since a large number of parameters generally leads to degeneracy amongst them, in this work we consider the two-parameter model.
• Model III: Another oscillatory dark energy parametrization is [25] 
with w 0 and b the model parameters with as described for Model I.
• Model IV: Finally, we consider a new model
where w 0 , b are the free parameters as described above. One may note that the above model might be connected with the CPL model [7, 8] for very low redshifts.
Observational Data
In this section we provide the various data sets that we will incorporate in the observational fittings. We will use data from the following probes:
1. Supernovae Type Ia: We include the latest Joint Light Curve analysis sample [47] from Supernovae Type Ia, one of the cosmological data sets to probe the nature of dark energy. The sample contains 740 number of Supernovae Type Ia data, distributed in the redshift interval z ∈ [0.01, 1.30] . The χ 2 function for this sample becomes
whereμ is the vector of effective absolute magnitudes, C is the covariance metrix of µ quantifying the statistical and systematic errors (see [47] for details), andμ m (z) = 5 log 10
is the distance modulus at redshift z for the model in which D L (z) is the luminosity distance [48] . 
We include four measurements of r s /D V at four different redshifts, namely from the 6dF Galaxy Survey (6dFGS) measurement at z eff = 0.106 [50] , from the Main Galaxy Sample of Data Release 7 of Sloan Digital Sky Survey (SDSS-MGS) at z eff = 0.15 [51] , and from the CMASS and LOWZ samples from the latest Data Release 12 (DR12) of the Baryon Oscillation Spectroscopic Survey (BOSS) at z eff = 0.57 and at z eff = 0.32 [52] . The likelihood for BAO is given by
where r BAO = r s (z d )/D V and σ i 's are the uncertainties in the measurements for each data point i = 1, 2, 3, 4, respectively correspond to z eff = 0.106 [50] , z eff = 0.15 [51] , z eff = 0.57 [52] and z eff = 0.32 [52] .
Cosmic Microwave Background (CMB) data:
We incorporate the CMB temperature and polarization anisotropies with their cross-correlations from the Planck Probe [53] . Specifically, we use the combinations of high-and low-TT likelihoods (overall multiple range 2 ≤ ≤ 2508) as well as the combinations of the high-and lowpolarization likelihoods [54] , which are notationally referred to as Planck TT, TE, EE+lowTEB. In order to analyze the data we use the publicly available Planck likelihood [54] , which eventually marginalizes over several nuisance parameters associated with the measurements. For a detailed study and the implementation of the CMB data, we refer the reader to [53, 54] .
Redshift space distortion:
We include two redshift space distortion (RSD) data from CMASS and LowZ galaxy samples. The CMASS sample consists of 777202 galaxies with an effective redshift of z eff = 0.57 [55] , while the LOWZ sample contains 361762 galaxies with an effective redshift of z eff = 0.32 [55] . The data-vector containing the cosmological parameters of interest, namely
The data-vectors for the samples LOWZ and CMASS can be formed as (see Table 3 of [55] ):
from the LOWZ sample at k max = 0.18 hMpc −1 , and
from the CMASS sample at k max = 0.22 hMpc −1 . The covaiance matrices for the above two samples are given in [55] . In particular, the covariance matrix for the LOWZ sample at k max = 0.18 hMpc −1 is 
Now, the corresponding likelihood of any cosmological model is given by
where D model represents the vector with the model prediction for the same cosmological parameters as D data and C −1 is the inverse of the covariance matrix. Lastly, we mention that when these two RSD data are considered, the BOSS DR12 results will not be considered.
Weak lensing data:
We consider the weak gravitational lensing from the CanadaFrance-Hawaii Telescope Lensing Survey (CFHTLenS) [56, 57] . The CFHTLenS is the largest weak lensing survey at present and spans 154 square degrees in five optical bands. We use the tomographic CFHTLenS blue galaxy sample for the analysis. In particular, we note that the survey [56] , which we follow in this work, uses 21 sets of cosmic shear correlation functions associated with six redshift bins. The weak correlations between the observed shapes of distant galaxies are generally induced due to the weak gravitational lensing by large scale structure. The cosmological information can be extracted through the two-point shear correlation function, which is related to convergence power spectrum
where η is the comoving distance, η H is the horizon distance, and f K (η) is the angular diameter distance out to η. The quantity f K (η) depends on the curvature scalar (k) of spacetime, and q j is the lensing efficiency function for the redshift bin j (see [56, 57] for more details). The tomographic correlation functions measured from the blue galaxy sample is consistent with zero intrinsic alignment nuisance parameter A. We use the likelihood analysis of the CFHTLenS data, where the true inverse covariance matrix is given by
andĈ is the measured covariance matrix in which p is the total number of data points, that is calculated in [56] as follows: for N t tomographic redshift bins and N θ angular scales, and considering the shear correlation functions ξ ij + and ξ ij − (see [56, 57] for more details) between the redshift bins i, j, we have p = N θ N t (N t + 1). The quantity n µ refers to the total number of simulations. The χ 2 function for this data set is given by
whered is the vector of measured data points, and d(π) represents the vector carrying the model parameters.
6. Cosmic Chronometers (CC) data: In our analysis we consider the Hubble parameter values at different redshifts, using the massive and passively evolving galaxies in our universe, known as cosmic chronometers. The measurements of the Hubble parameter values follow the spectroscpic method with high accuracy, and moreover the technique of measurements is model independent [58, 59 ]. The CC (or H(z)) data are compiled in [60] , and they contain 30 measurements distributed in the interval 0 < z < 2. The χ 2 -statistics for the cosmic chronometers data is given by 12) where each z i with its corresponding uncertainty σ i can be found in Table 4 of [60] .
Observational constraints
In this section we proceed to the detailed confrontation of the above oscillating dark energy models with observational data. We perform a combined analysis JLA + BAO + Planck TT, TE, EE + LowTEB (CMB) + RSD + WL+ CC to constrain the proposed oscillating dark energy models (3.1), (3.2), (3.3) and (3.4). Our analysis follows the likelihood L ∝ exp −χ 2 /2 , where
The main statistical analysis is based on the "Code for Anisotropies in the Microwave Background" (CAMB) [61] , a publicly available code. For each of the studied models we modify the code accordingly, and then we additionally use CosmoMC, a Markov Chain Monte Carlo (MCMC) simulation, in order to extract the cosmological constraints for the oscillating dark energy models. In summary, we analyze the following eight-dimensional parameters space:
where Ω b h 2 , Ω c h 2 are respectively the baryon and the cold dark matter density parameter, 100θ M C and τ refer respectively to the ratio of the sound horizon to the angular diameter distance and to the optical depth, n s and A s are respectively the scalar spectral index and the amplitude of the initial power spectrum [53] , and w 0 and b are the free parameters of the oscillating dark energy models. Additionally, the priors on the cosmological parameters used in the analysis are displayed in Table 1 . Lastly, in the following the subscript "0" denotes the value of a quantity at present. In the next subsections we describe the obtained results on each model from this combined analysis.
Model I
We perform the above combined analysis for the Model I of (3.1), and in Table 2 we summarize the main observational constraints. Furthermore, in Fig. 1 we present the 1σ and 2σ confidence-level contour plots for several combinations of the model parameters and 67.84 Table 2 . Summary of the observational constraints on Model I of (3.1), using the observational data JLA + BAO + Planck TT, TE, EE + LowTEB + RSD + WL+ CC. We define Ω m0 = Ω c0 +Ω b0 and we use H 0 to denote the current value of the Hubble function.
of the derived parameters. Similarly, in Fig. 2 we display the marginalized one-dimensional posterior distributions for the involved quantities. Our analysis reveals that both the best-fit and the mean values of the dark energy equation-of-state parameter at present (w 0 ) exhibit phantom behaviour although very close to the cosmological constant boundary, however, as one can see from Table 2 , within 1σ confidence-region the quintessential character of w 0 is not excluded.
Additionally, we analyze the behaviour of Model I at large scales through its impact on the temperature anisotropy of the CMB spectra and on the matter power spectra, shown respectively in the upper and lower panel of the Fig. 3 , and moreover we compare the results with wCDM cosmology (obtained for b = 0). We find that for several values of b we do not find a remarkable behaviour in the CMB spectra. On the other hand, from the matter power spectra we can see that for large positive b values the model has a deviating nature from wCDM cosmology.
In summary, from the observational constraints we deduce that the model is close to wCDM cosmology, and hence to the ΛCDM paradigm too.
Model II
We perform the combined analysis for the Model II of (3.2), and in Table 3 we summarize the main observational constraints. Additionally, in Fig. 4 we depict the 1σ and 2σ confidence-level contour plots for several combinations of the model parameters and Table 3 . Summary of the observational constraints on Model II of (3.2) using the observational data JLA + BAO + Planck TT, TE, EE + LowTEB + RSD + WL+ CC.
68.74
The joint analysis on Model II shows that the best-fit value of the dark energy equationof-state parameter w 0 lies in the phantom regime, while the mean value of w 0 exhibits quintessential character. We note that within 1σ confidence-region w 0 can exhibit phantom behaviour, too. However, as we can see from Table 3 , w 0 is close to the cosmological constant boundary. Additionally, from the temperature anisotropy in the CMB spectra and the matter power spectra depicted in Fig. 6 , we can observe that at large scales this model exhibits a clear deviation from wCDM cosmology (and thus ΛCDM cosmology too) for large positive values of the parameter b. 
Parameters
Mean ± 1σ ± 2σ ± 3σ Table 4 . Summary of the observational constraints on Model III of (3.3) using the observational data JLA + BAO + Planck TT, TE, EE + LowTEB + RSD + WL+ CC.
Model III
We perform the combined analysis described above, for the Model III of (3.3), and in Table 4 we give the summary of the main observational constraints. Furthermore, in Fig. 7 we present the 1σ and 2σ confidence-level contour plots for several combinations of the model parameters and of the derived parameters. Additionally, in Fig. 8 we display the corresponding marginalized one-dimensional posterior distributions for the involved quantities.
According to the joint analysis we find that for Model III, both the best fit and the mean values of the dark-energy equation-of-state parameter at present exhibit quintessential behaviour. However, the 1σ lower confidence level may allow for phantom behavior too, although only slightly. Moreover, from the temperature anisotropy in the CMB spectra and the matter power spectra depicted in Fig. 9 , we can see that at large scales, and for large negative values of b (different from Model I and II), the changes in both CMB spectra and matter power spectra, are huge. This implies that this model might exhibit a non-zero deviation from wCDM cosmology and hence from ΛCDM cosmology too. However, from Table 4 we can see that −0.0721 < b at 3σ confidence level, and thus this exotic behaviour is practically not observable. Hence, Model III is practically close to wCDM cosmology, and thus to ΛCDM cosmology too.
Model IV
Finally, for the Model IV of (3.4) we perform the joint analysis and in Table 5 we display the summary of the main observational constraints. Moreover, in Fig. 10 we show the 1σ and 2σ confidence-level contour plots for several combinations of the model parameters and the derived parameters. Additionally, in Fig. 11 we present the corresponding marginalized one-dimensional posterior distributions for the involved quantities.
Parameters
Mean ± 1σ ± 2σ ± 3σ
Best fit Ω c h 2 0.1179 68.73 Table 5 . Summary of the observational constraints on Model IV of (3.4) using the observational data JLA + BAO + Planck TT, TE, EE + LowTEB + RSD + WL+ CC. As we can observe, the joint analysis reveals that for Model IV, the best-fit value of the dark-energy equation-of-state parameter at present exhibits phantom behaviour, although very close to −1, while the mean value of w 0 lies in the quintessence regime. However, as one can see from Table 5 , within 1σ confidence-region the phantom character of w 0 is not excluded. Additionally, from the temperature anisotropy in the CMB spectra and the matter power spectra depicted in Fig. 12 , we can see that we do not find any significant variation from wCDM cosmology, and thus from ΛCDM paradigm. We close this section displaying the evolution of the dark-energy equation-of-state parameter of all Models in Fig. 13 . This figure shows the qualitative differences between the oscillating dark energy models, both at low-and high-redshifts. From the evolutions of all oscillating dark energy models we find that Model I gives a phantom dark energy during the entire evolution of the universe, while Model II always exhibits a quintessential character. Interestingly, Model III presents a different behaviour: at high redshifts it exhibits a phantom behaviour, while very recently the dark energy equation of state transits from the phantom regime to quintessence one. Concerning Model IV, we find that it exhibits both quintessence and phantom behaviour. In fact, unlike other oscillating dark energy models, it periodically enters into quintessence and phantom region.
Statistical Model Comparison: Bayesian Evidence
In this section we perform a statistical comparison of the oscillating dark energy models through the Bayesian evidence, also known as marginal likelihood or model likelihood. The Bayesian evidence plays an important role to compare different cosmological models based on their performance with observational data.
In the Bayesian analysis we need to determine the posterior probability of the model parameters (denoted by θ), given a data set x, any prior information, and a model M . In particular, using Bayes theorem, one can write
1) Figure 13 . The evolution of the dark-energy equation-of-state parameter w x (z), has been shown using the mean values of (w 0 , b) that arise from the combined analysis JLA + BAO + Planck TT, TE, EE + LowTEB + RSD + WL+ CC for Model I of (3.1) (red-dashed), for Model II of (3.2) (black-dotted), for Model III of (3.3) (blue-dash-dotted), and for Model IV of (3.4) (magenta-solid).
where p(x|θ, M ) is the likelihood which is considered to be function of the model parameters θ with the data set fixed, and π(θ|M ) is the prior. The denominator p(x|M ) in (6.1) is the Bayesian evidence used for the model comparison, and it is the integral over the unnormalised posteriorp(θ|x, M ) ≡ p(x|θ, M ) π(θ|M ): 2) and thus it is also referred to as the marginal likelihood. Considering any particular model M i and the reference model M j , the posterior probability is thus given by the product of the ratio of the model priors with the ratio of evidences, namely
where
is called the Bayes factor of the model M i relative to the reference model M j .
For B ij > 1 we deduce that the cosmological data employed in the analysis support model M i more strongly than model M j . The behaviour of the models can be quantified using different values of B ij (or equivalently ln B ij ). In this work, we shall use the widely accepted Jeffreys scales [62] , summarized in Table 6 , that quantify the viabilities of the models under consideration.
ln B ij
Strength of evidence for model
Very strong Very Strong Table 7 . Summary of the values of ln B ij , calculated for the oscillating dark energy models with respect to the reference ΛCDM paradigm. According to the Bayesian point of view, the negative values of ln B ij indicate that ΛCDM is favored over the oscillating dark energy models. Figure 14 . 1σ (68.3%) and 2σ (95.4%) confidence level contour plots for different combinations of the model parameters, for all Models I-IV of (3.1)-(3.4) simultaneously, for the combined observational data JLA + BAO + Planck TT, TE, EE + LowTEB + RSD + WL+ CC.
The Bayesian evidence for the scenarios at hand can be easily calculated, since only the MCMC chains, which are used for parameters estimation, are needed. A detailed explanation can be found in two recent articles [63, 64] , where the algorithm that calculates the Bayesian evidence is known as the MCEvidence code 1 .
Using the MCEvidence code we calculate the logarithm of the Bayes factor, i.e. ln B ij , where i = Model I − Model IV and j = ΛCDM. In Table 7 we summarize the calculated values of ln B ij for all oscillating dark energy models with respect to the base ΛCDM. For Models I, III and IV we find that | ln B ij | > 5. In particular, we see that ln B ij = −9. (Model I), ln B ij = −6.2 (Model III), ln B ij = −8.4 (Model IV), which implies that for all these three models we obtain a very strong preference for ΛCDM. Additionally, for Model II we acquire ln B ij = −4.6, which indicates the strong preference of ΛCDM over Model II. Overall, we find that ΛCDM cosmology is significantly favored compared to the examined oscillating dark energy models.
Conclusions
Since the nature of the dark energy sector is unknown, one can incorporate its effect in a phenomenological way, i.e. introducing various parametrizations of the dark energy equation-of-state parameter. One interesting parametrization class is the case where w x (z) exhibits oscillating behaviour [25, 29-32, 36, 37] , since it may lead to interesting cosmology.
In order to thoroughly examine whether oscillating dark-energy models are in agreement with the latest observational data, we have performed a complete observational confrontation using the latest data, namely: Joint Light Curve analysis (JLA) sample from Supernoave Type Ia, Baryon Acoustic Oscillations (BAO) distance measurements, Cosmic Figure 16 . The temperature anisotropy in the CMB spectra (left panel) and the matter power spectra (right panel), for all Models I-IV of (3.1)-(3.4) simultaneously, for the mean values of (w 0 , b) that arise from the combined analysis JLA + BAO + Planck TT, TE, EE + LowTEB + RSD + WL+ CC, and the corresponding curves of ΛCDM cosmology. Microwave Background (CMB) observations, redshift space distortion, weak gravitational lensing, Hubble parameter measurements from cosmic chronometers, and the local Hubble constant value. We considered four oscillating dark energy models, namely, Model I of (3.1), Model II of (3.2), Model III of (3.3) and Model IV of (3.4). Our analysis shows that for Model I, Model II and Model IV, the best fit values of the dark energy equation-of-state parameter w 0 lies in the phantom regime, nevertheless in all models the quintessential regime is also allowed within 1σ confidence-level. The models indicate deviations from ΛCDM cosmology, although such deviations are small. The fittings suggest that in all viable oscillating darkenergy models, the parameter b that quantifies the deviation from wCDM and ΛCDM cosmology is relatively small for three models namely Model I, Model II and Model IV, while for Model III b is larger. Thus, effectively, Model III exhibits a non-zero deviation from wCDM as well as ΛCDM cosmology, however the deviation is not significant.
As a next step we analyzed the behaviour of the oscillating models at large scales, through the impact on the temperature anisotropy of the CMB spectra and on the matter power spectra. Moreover, we compared the results with the wCDM and ΛCDM scenarios, examining the corresponding deviations. As we showed, for Models II and III the deviation from wCDM and ΛCDM models is clear for large negative values of the parameter b. On the other hand, Model I exhibits a slight deviation, while for Model IV the deviation is non-significant.
Furthermore, we presented the Bayesian evidences for all oscillating dark-energy models with respect to the reference ΛCDM scenario. The results have been summarized in Table 7 , from which we found that according to the present observational data ΛCDM cosmology is favored over all considered models.
We close this work with a short statistical comparison of the models, both at background and perturbative levels. In Fig. 14 we present the 1σ and 2σ confidence-level contour plots for several combinations of the free parameters and of the derived parameters, for all Models I-IV simultaneously. As we can observe, Model I is slightly different compared to the other three models, although not significantly. Moreover, we analyze the trend of the two main parameters of the oscillating models, namely b and w 0 , for different values of H 0 , using the MCMC chain of the combined analysis JLA + BAO + Planck TT, TE, EE + LowTEB + RSD + WL+ CC, and in Fig. 15 we present the results for all models. From the analysis of the MCMC chain we can clearly notice that higher values of H 0 (the red sample points in Fig. 15 ) favour the phantom behaviour of dark energy, while for low values of the Hubble constant H 0 (the blue sample points in Fig. 15 ) a quintessence-like dark energy is favored, however within 1σ, w 0 is close to −1.
In order to examine whether these differences can be observed at large scales, in Fig. 16 we depict the temperature anisotropy in the CMB spectra (left graph) and the matter power spectra (right graph), for all models simultaneously, using for each model the corresponding mean value for the parameter b. From both graphs we deduce that we cannot distinguish the various models, and moreover all models are found to exhibit a behaviour close to that of the flat ΛCDM scenario. However, a slight difference is expected as the estimated value of b for all oscillating dark energy models is non-null. This difference can be seen in Fig.  17 , in which we show the relative deviations in the CMB TT spectra (left panel) and in the matter power spectra (right panel).
In summary, the analysis of the present work reveals that the oscillating dark energy models can be in agreement with observations. However, according to the Bayesian analysis, ΛCDM cosmology is favored compared to them. One interesting extension of the above investigation would be to proceed to a more general formalism where the sound speed of the dark energy could be variable, instead of constant. This study could enlighten the intrinsic nature of the oscillating dark energy models, especially in comparison with non-oscillating models. Such an investigation is left for a future project.
